Activation of AMP-activated protein kinase (AMPK) by exercise induces several cellular processes in muscle. Exercise activation of AMPK is unaffected in lean (BMI ϳ25 kg/m 2 ) subjects with type 2 diabetes. However, most type 2 diabetic subjects are obese (BMI >30 kg/m 2 ), and exercise stimulation of AMPK is blunted in obese rodents. We examined whether obese type 2 diabetic subjects have impaired exercise stimulation of AMPK, at different signaling levels, spanning from the upstream kinase, LKB1, to the putative AMPK targets, AS160 and peroxisome proliferator-activated receptor coactivator (PGC)-1␣, involved in glucose transport regulation and mitochondrial biogenesis, respectively. Twelve type 2 diabetic, eight obese, and eight lean subjects exercised on a cycle ergometer for 40 min. Muscle biopsies were done before, during, and after exercise. Subjects underwent this protocol on two occasions, at low (50% VO 2max ) and moderate (70% VO 2max ) intensities, with a 4 -6 week interval. Exercise had no effect on LKB1 activity. Exercise had a time-and intensity-dependent effect to increase AMPK activity and AS160 phosphorylation. Obese and type 2 diabetic subjects had attenuated exercise-stimulated AMPK activity and AS160 phosphorylation. Type 2 diabetic subjects had reduced basal PGC-1 gene expression but normal exercise-induced increases in PGC-1 expression. Our findings suggest that obese type 2 diabetic subjects may need to exercise at higher intensity to stimulate the AMPK-AS160 axis to the same level as lean subjects. Diabetes 56:836 -848, 2007
E
xercise is a fundamental aspect of type 2 diabetes prevention and treatment. Accumulating evidence indicates that the enzyme AMP-activated protein kinase (AMPK), which is stimulated upon increases in AMP/ATP, plays an important role in mediating several cellular and metabolic processes during exercise. For example, activation of AMPK is thought to mediate, at least partially, the increases in skeletal muscle fatty acid oxidation (1, 2) and glucose transport (3) (4) (5) that occur during acute exercise. The stimulatory effect on fatty acid oxidation results from the phosphorylation and inhibition of acetyl CoA carboxylase (ACC) by AMPK (1, 2) . While the role of AMPK and ACC on exerciseinduced fat oxidation is somewhat well defined, the signaling mechanism, downstream of AMPK, which regulates muscle glucose transport, is unclear. The Akt substrate AS160 is a novel Rab GTPase that is phosphorylated by Akt upon insulin stimulation (6) . In adipocytes (6, 7) and L6 muscle cells (8) , AS160 plays a key role in insulin-stimulated GLUT4 exocytosis. It was recently reported that two AMPK-activating stimuli, muscle contraction and the AMPmimetic compound 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR), increase AS160 phosphorylation in muscle (9 -12) . This suggests that AS160 is involved in the mechanism by which AMPK stimulates glucose transport.
In addition to its role on contraction-induced muscle glucose transport and fatty acid oxidation with a single bout of exercise, it has also been hypothesized that the repetitive increases in muscle AMPK activity that occur during physical training with each exercise bout lead to increased mitochondrial biogenesis and function (13, 14) . Increases in mitochondrial number/function with physical training are thought to occur, in part, through a mechanism that involves AMPK-mediated peroxisome proliferator-activated receptor coactivator-1 (PGC-1) gene expression (15) . PGC-1 is a transcriptional coactivator that functions as a master coordinator of mitochondrial biogenesis through its interaction with transcription factors, such as nuclear respiratory factor (NRF)-1 (rev. in 16) . Collectively, AMPK activation contributes to the beneficial effects of exercise on glucose and lipid metabolism by acutely increasing muscle glucose disposal and fatty acid oxidation and, chronically, by enhancing mitochondrial number and function.
Because AMPK is an important target for the treatment of insulin resistance and type 2 diabetes (17), a central issue in the AMPK field has been to determine whether subjects with type 2 diabetes have normal AMPK signaling. Studies done in subjects with type 2 diabetes and BMI ranging from 26 to 29 kg/m 2 have not shown abnormalities in muscle AMPK protein content or activity (18, 19) . In many countries, however, the majority of subjects with type 2 diabetes are significantly obese and have a BMI Ն30 kg/m 2 . Moreover, several studies indicate that obese insulin-resistant rodents have abnormal AMPK signaling (14, 20, 21) . Thus, our goal was to determine whether type 2 diabetic subjects with moderate-to-severe obesity (BMI Ͼ30 kg/m 2 ) have impaired AMPK signaling. For this purpose, we examined the effect of exercise on the AMPK pathway at different signaling levels. We first examined whether acute exercise stimulates the major upstream AMPK kinase in muscle, LKB1 (22) . We then determined if obese type 2 diabetic subjects have impaired exercise stimulation of AMPK, its substrate ACC, and the putative AMPK target, AS160. Finally, we evaluated the effects of exercise on PGC-1 and NRF-1 gene expression in obese subjects with type 2 diabetes. Based on previous investigations (23) (24) (25) , we hypothesized that exercise would have a time-and intensity-dependent effect to stimulate AMPK signaling in lean, obese, and type 2 diabetic subjects. However, based on studies indicating attenuated AMPK activity in insulin-resistant rodents (14, 20, 21) , we also hypothesized that obese type 2 diabetic subjects would have reduced stimulation of the AMPK system by exercise.
RESEARCH DESIGN AND METHODS
We studied 12 obese subjects with type 2 diabetes, 8 obese nondiabetic subjects, and 8 lean nondiabetic subjects. All subjects were sedentary (zero or one exercise bout per week) and had poor fitness levels. Each subject underwent a medical history, physical examination, screening laboratory tests, and a 75-g oral glucose tolerance test (OGTT). Three type 2 diabetic subjects were taking glipizide, which was withdrawn 3 days before the OGTT and 1 day before the exercise studies. Nine type 2 diabetic subjects were treated with diet. Lean and obese control subjects did not have a family history of type 2 diabetes and were normal glucose tolerant. Other than glipizide, no subject was taking any medication known to affect glucose metabolism. The study was approved by the institutional review board of the University of Texas Health Science Center at San Antonio, and all subjects gave written consent. Insulin sensitivity index. Using the plasma glucose and insulin concentrations obtained during the OGTT, insulin sensitivity was calculated using the Matsuda index, which strongly (r ϭ 0.73, P Ͻ 0.0001) correlates with whole-body glucose disposal measured with the insulin clamp (26) . Exercise testing. VO 2max was determined using a cycle ergometer and a Metabolic Measurement System (Sensormedics, Savi Park, CA). Subjects warmed-up and performed exercise in a ramped fashion increasing at a rate of 8 -10 W/min to exhaustion and until at least two of the following criteria for a valid test were obtained: a leveling of VO 2 , respiratory exchange ratio Ͼ1.1, and a maximal heart rate within 15 beats of age-predicted maximal heart rate. Exercise protocols and muscle biopsies. All the subjects underwent two separate acute exercise protocols on different days with a 4 -6 week interval, 1 day at low (50% VO 2max ) and 1 at moderate (70% VO 2max ) intensity. Subjects were first randomly assigned to exercise at either low or moderate intensity. Within 7-10 days after the baseline VO 2max measurement, subjects returned to the Clinical Research Center at 8 A.M. after an overnight fast to undergo the first exercise protocol. Subjects refrained from any exercise, other than habitual walking, for 48 h before the exercise experiments. Subjects rested for 30 min in the supine position, followed by a basal vastus lateralis muscle biopsy obtained under sterile conditions. The muscle was frozen in liquid nitrogen within 3 s after the biopsy. Subjects then exercised on a cycle ergometer for a total of 40 min as follows: after 6 min, exercise was stopped, the subjects briefly (ϳ30 s) rested on a bed while local anesthesia with 1% lidocaine was given, and exercise was continued for an additional 4 min. After a total of 10 min of exercise, subjects were placed on the bed and a second muscle biopsy was obtained (10-min biopsy). Muscle tissue was frozen 60 -90 s after exercise cessation (local regulations did not allow us to perform the biopsy on the bicycle, a common practice to preserve postexercise energy state). Exercise proceeded for 26 min, anesthesia was rapidly given, and subjects exercised for an additional 4 min, followed by a third muscle biopsy (40-min biopsy). After the cessation of exercise, the subjects rested in a bed for 150 min, followed by a final muscle biopsy. Each biopsy site was separated by at least 5 cm. Four to six weeks after the first exercise protocol, the subjects returned to the Clinical Research Center to undergo the same experiment but at different exercise intensity. If they first exercised at low intensity, on this occasion subjects would exercise at a moderate intensity and vice versa. Laboratory analyses. Plasma insulin (Diagnostic Products, Los Angeles, CA) and adiponectin (Linco Research, St. Charles, MO) were measured by radioimmunoassay, glucose by the oxidase method and using a Beckman analyzer, and A1C using a DCA2000 analyzer (Bayer, Tarrytown, NY). Free fatty acid (FFA) concentrations were determined using a colorimetric method (Wako, Richmond, VA). Plasma leptin and interleukin (IL)-6 concentrations were measured using enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN). Glycogen and nucleotides. To measure glycogen, samples weighing 5-10 mg were hydrolyzed in 20 l of 2N HCl at 100°C for 2 h followed by neutralization with 20 l 2N NaOH, and glycogen content was measured using a Beckman analyzer (oxidase method). During preliminary experiments, we validated the use of this method comparing it with measurements obtained using a hexokinase reagent from Sigma (r ϭ 0.97, P Ͻ 0.0001). For measurements of basal ATP and free AMP, muscle samples were homogenized in 30% perchloric acid and neutralized with 2 mol/l KHCO 3 . A 20 l sample was analyzed by high-pressure liquid chromatography using an LC-18 column, and measurements of ATP, creatine, and creatine phosphate were obtained as described (27) . Muscle lactate concentrations were measured using a commercial kit (Biovision, Mountain View, CA) and used to calculate pH (28) . Free AMP was calculated using the ATP, creatine, creatine phosphate, and pH measurements based on the creatine kinase and adenylate kinase reactions (29) . AMPK activity. AMPK␣1, AMPK␣2, and total AMPK activities were measured after immuonoprecipitating 200 g protein (18) using antibodies against AMPK␣1 (Upstate, Lake Placid, NY), AMPK␣2 (18), or AMPK␣1/2 (30). Western blotting. Immunoblotting was performed as described (5) (14); LKB1 (31); and MO25␣ (22) . ACC was detected using streptavidin (Pierce, Rockford, IL). For comparisons of basal protein content and phosphorylation between groups, an equal number of samples from each group were distributed in two gels, and a control sample was used to normalize the data. To assess the effect of exercise, all the samples from each subject were loaded in one gel, and the same internal control was present in all gels to normalize the data. LKB1 activity. LKB1 activity was measured after immunoprecipitating 500 g protein with 5 g LKB1 antibody and using the LKBtide peptide, as previously described (32) . Quantitative RT-PCR. Tissue was homogenized in RNAStat solution (TelTest, Friendswood, TX) and total RNA purified with RNeasy and DNase I (Qiagen, Chatsworth, CA). An Agilent Bioanalyzer was used to confirm that all samples had a A260/A280 range of 1.8 -2.1. PGC-1 and NRF-1 gene expression were determined using one-step quantitative RT-PCR on an ABI-Prism-7900HT System (Applied Biosystems, Foster City, CA) using TaqMan RT-PCR MasterMix Reagents and Assay-on-Demand primer pairs/probes (Hs00173304_ml for PGC-1 and Hs00602161_ml for NRF-1), as previously described (33) . The quantity of the mRNA for each gene of interest was normalized to that of 18S RNA using the 2 Ϫ⌬⌬CT method (34). Statistical analysis. Data are expressed as means Ϯ SE. Comparison of baseline data between groups was done using one-way ANOVA. The interaction of exercise and the different groups were analyzed using two-way repeated-measures ANOVA, followed by Fisher's analysis.
RESULTS
There were no significant differences in age, VO 2max , and workload between the type 2 diabetic, obese, and lean subjects ( Table 1 ). The type 2 diabetic and obese groups were matched for BMI, and these subjects had higher BMI than lean subjects. Compared with the lean group, obese and type 2 diabetic subjects had lower adiponectin and higher leptin concentrations in plasma. Subjects with type 2 diabetes had higher fasting plasma glucose, A1C, FFA, and IL-6 concentrations than obese and lean subjects, Type 2 diabetic and obese subjects were more insulin resistant than lean subjects based on the lower Matsuda index. Effect of exercise on plasma glucose and muscle glycogen concentrations. In type 2 diabetic subjects, low-and moderate-intensity exercise decreased plasma glucose concentrations by 0.6 Ϯ 0.3 (P ϭ 0.05) and 1.3 Ϯ 0.3 mmol/l (P ϭ 0.001), respectively. Exercise did not decrease glucose concentrations in the lean and obese nondiabetic groups. Basal muscle glycogen content was not different between groups (88 Ϯ 4, 101 Ϯ 6, and 88 Ϯ 7 nmol/mg muscle in lean, obese, and type 2 diabetic subjects, respectively). Forty minutes of moderate-but not low-intensity exercise reduced glycogen content by 35, 53 , and 56% in the lean, obese, and type 2 diabetic subjects, respectively (P Ͻ 0.05 pre-vs. postexercise in all groups, P ϭ NS between groups), suggesting similar muscle fiber recruitment between groups. Nucleotide content in muscle. There were no differences in basal ATP (4.5 Ϯ 0.6, 3.8 Ϯ 0.4, and 4.4 Ϯ 1.3 nmol/mg muscle in lean, obese, and type 2 diabetes groups, respectively) and calculated free AMP (0.39 Ϯ 0.15, 0.23 Ϯ 0.07, and 0.28 Ϯ 0.08 nmol/mg in lean, obese, and type 2 diabetes groups, respectively) content in muscle between groups. Baseline creatine phosphate, creatine, and lactate content were similar in all groups (data not shown). We did not observe increases in the free AMP/ ATP ratio with exercise in any group. Because muscle energetics are restored within 60 s after exercise (35), our measurements, however, do not accurately reflect postexercise nucleotide levels because the tissue was frozen 60 -90 s after exercise. AMPK, ACC, Akt, and AS160 muscle content and phosphorylation. The muscle protein content of the AMPK subunits ␣1, ␣2, ␤1, ␤2, and ␥3 and of ACC, Akt, and AS160 was similar between the lean, obese, and type 2 diabetes groups (Fig. 1A ). There were no statistically significant differences in basal AMPK, ACC, Akt, or AS160 phosphorylation between groups (Fig. 1B) .
Time course and dose response of AMPK and ACC phosphorylation during exercise. AMPK and ACC phosphorylation were measured before exercise, at 10 and 40 min of exercise, and 150 min postexercise. Low-intensity exercise for 40 min did not increase AMPK phosphorylation in any group ( Fig. 2A and B) . Forty minutes of moderate-intensity exercise increased AMPK phosphorylation by 3.5-fold over basal (P Ͻ 0.05) in lean subjects ( Fig. 2A and B) , and this effect was sustained in the postexercise period. AMPK phosphorylation only tended to increase after 40 min of moderate-intensity exercise in the obese and type 2 diabetes groups, resulting in lower exercise-stimulated AMPK phosphorylation compared with the lean subjects (P Ͻ 0.05 lean vs. type 2 diabetes). Low-intensity exercise increased ACC phosphorylation in the lean subjects only (Fig. 2D) . Moderate-intensity exercise for 40 min significantly increased ACC phosphorylation in the lean, obese, and type 2 diabetic subjects (Fig.  2C) , although the fold increases in ACC phosphorylation tended to be smaller in the obese and type 2 diabetes groups (Fig. 2D) . After the 150-min recovery period, ACC phosphorylation was no longer significantly elevated, although it still tended to be higher than baseline. Effect of exercise on AMPK activity. To compare the effect of exercise on isoform-specific AMPK activity between groups, AMPK␣1, AMPK␣2, and total (pan ␣) activities were measured before exercise, at 40 min of exercise, and 150 min postexercise. Overall, there was a tendency for higher basal AMPK␣1, AMPK␣2, and total AMPK activities in the obese and type 2 diabetes groups compared with lean subjects (Fig. 3A, C, and E) . Neither lownor moderate-intensity exercise increased AMPK␣1 activity ( Fig. 3A and B) . After 40 min of low-intensity exercise, AMPK␣2 activity increased significantly in the lean group (P Ͻ 0.05) but not in the obese and type 2 diabetes groups (Fig. 3D) . Consistent with the measurements of AMPK phosphorylation, 40 min of moderate-intensity exercise significantly increased AMPK␣2 activity by 3.4-fold (P Ͻ 0.05) in the lean group (Fig. 3D) . In contrast, moderateintensity exercise did not significantly increase AMPK␣2 activity in the obese and type 2 diabetes groups. Total AMPK activity did not increase with low-intensity exercise in any group (Fig. 3E and F) . In line with the effects on AMPK␣2 activity, moderate-intensity exercise increased total AMPK activity in the lean group by 1.7-fold (P Ͻ 0.05) but had no effect in the obese and type 2 diabetes groups. The lower activation of total AMPK versus AMPK␣2 in the lean group likely reflects some "dilution" of the exercise effect because AMPK␣1-containing complexes were not stimulated by exercise. LKB1 protein content and effect of exercise on LKB1 activity. We measured baseline content of the AMPK kinase, LKB1, and its accessory subunit MO25␣, and there were no differences between groups (Fig. 4A ). Basal LKB1 activity was similar in lean, obese, and type 2 diabetic subjects (Fig. 4B) . Consistent with findings in rodents (36), acute exercise did not alter muscle LKB1 activity in humans, supporting the notion that LKB1 may be a constitutively active enzyme. Effect of exercise on Akt and AS160 phosphorylation. Recent studies have shown that Akt and AS160 can be activated in muscle by contractile activity (9 -12,37,38) . To determine the effect of exercise on AS160 and Akt in insulin-resistant muscle, we measured AS160 (using the PAS antibody) and Akt (Ser 473 and Thr
308
) phosphorylation in muscle from control and type 2 diabetic subjects before exercise, at 10 and 40 min of exercise, and 150 min postexercise. During preliminary experiments, we confirmed that the 160-kDa band was AS160 by immunoprecipitating basal and exercise-stimulated samples with AS160 and detected them using PAS antibody (Fig. 5A ). Low-intensity exercise did not significantly increase AS160 phosphorylation in any group (Fig. 5B and C) . In the lean group, moderate-intensity exercise caused a time-dependent increase in AS160 phosphorylation, which was maximal at 150 min postexercise, but this effect was blunted in obese and type 2 diabetic subjects ( Fig. 5B and C) , resulting in lower exercise-induced AS160 phosphorylation in type 2 diabetic versus lean subjects (P Ͻ 0.05). Low-intensity exercise had no effect on Akt-Ser 473 and Thr 308 phosphorylation in lean, obese, and type 2 diabetic subjects ( Fig. 6A and B) . In the lean group, Akt Ser 473 and Thr 308 phosphorylation tended to increase within 10 min of moderate-intensity exercise; by 40 min, Akt-Ser 473 and Thr 308 phosphorylation were significantly elevated (P Ͻ 0.05), whereas moderate exercise did not significantly increase Akt-Ser 473 or Thr 308 phosphorylation in the obese and type 2 diabetic subjects ( Fig. 6A and B) . After 150 min 
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of rest, Akt-Ser 473 and Thr 308 phosphorylarion had fully returned to basal levels in the lean group. Effect of acute exercise on PGC-1 and NRF-1 gene expression. As shown in Fig. 7A , basal PGC-1 expression was lower in the type 2 diabetes group. Both low-and moderate-intensity exercise acutely stimulated PGC-1 gene expression, which peaked after the 150-min rest period, and this effect was similar in the three groups (Fig.  7B ). There were no significant differences in basal NRF-1 expression between groups (Fig. 7C) . Moderate exercise increased NRF-1 expression in the three groups (Fig. 7D) , although statistical significance was not achieved in the lean group (P ϭ 0.1), probably due to the lesser number of subjects studied, compared with the type 2 diabetes group. 
DISCUSSION
The main finding of this study is that obese and type 2 diabetic subjects had attenuated exercise-induced increases in AMPK␣2 activity, total AMPK activity, and AMPK phosphorylation (Figs. 2 and 3 ). Obese and type 2 diabetic subjects also had attenuated increases in the phosphorylation of the AMPK substrate ACC (Fig. 2D ) and the putative AMPK target AS160 (Fig. 5C) . What is the cause of the reduced response in the obese and type 2 diabetic subjects? Some evidence suggests that AMPK activity is regulated by muscle glycogen content by interacting with the ␤ subunit of AMPK (39) . Elevations in glycogen content are associated with low AMPK activity at rest and during exercise, whereas low glycogen content is associated with elevated AMPK activity (40 -43) . Yet, in the present study, basal glycogen content was not different between groups, and exercise caused similar degrees of glycogen consumption. Glucose is another nutrient that could have potentially affected the stimulation of AMPK in the type 2 diabetes group. Akerstrom et al. (44) reported that ingestion of a carbohydrate-containing drink, which caused a slight increase in plasma glucose levels, attenuated exercise-induced AMPK activation; yet, this finding was not confirmed by other investigators (45) . We previously reported that lean type 2 diabetic subjects with elevated fasting plasma glucose concentrations achieve normal AMPK stimulation with exercise (18) . Moreover, in the current study, both the obese and type 2 diabetes groups displayed lower exercise responses; thus, it is unlikely that hyperglycemia is the sole cause for the reduced stimulation of AMPK. Obese and type 2 diabetic subjects had higher fasting insulin levels compared with the lean group, reflecting their insulin-resistant state, and in liver cells, insulin inhibits AMPK (46) . However, we previously did not observe reduced exercise-stimulated AMPK activity in lean type 2 diabetic subjects with high insulin levels (18), arguing against a suppressive effect of physiologic insulin levels on AMPK in vivo. Thus, there does not appear to be a single explanation for the suppressed stimulation of AMPK observed in the obese and type 2 diabetes groups. Even though there were no statistical differences in VO 2max between the three groups (Table  1) , some type 2 diabetic subjects with the lowest VO 2max within their group exercised at lower workloads than most lean subjects and could have contributed to the attenuation in AMPK activity after exercise (47) . Yet, the lower stimulation of AMPK was also observed in the obese group, which clearly had similar VO 2max compared with the lean subjects. Thus, it is unlikely that differences in workload are the only reason for the blunted response to exercise.
Roepstorff et al. (48) recently reported lower exercise activation of AMPK in female subjects compared with male subjects. In the current study, there were more female subjects in the obese and type 2 diabetes groups ( Table 1 ). Subgroup analysis suggested that female subjects indeed had lower AMPK activation, although sex differences could not be conclusively determined due to the low number of subjects upon subdividing the groups. Yet, the attenuated exercise effect on AMPK was still observed within both the obese and type 2 diabetes groups, regardless of sex (data not shown). In the study by Roepstorff et al. (48) , the reduced AMPK stimulation observed in the female subjects was associated with smaller increases in free AMP/ATP. Presumably, a higher proportion of type 1 muscle fibers and more capillarization in female subjects (which would help preserve energy balance) could have been responsible for these sex differences (48) . In the current study, we did not examine muscle fiber distribution or muscle capillarization because muscle tissue was no longer available for analysis.
An intriguing observation from the current study is the apparent elevation in basal AMPK signaling in the obese and type 2 diabetic subjects, evidenced by a trend for higher AMPK activity (␣2, ␣1, and total) (Fig. 3) . While statistical differences were not observed upon analysis using two-way ANOVA, the obese and type 2 diabetes groups did appear to have higher basal AMPK␣1 and ␣2 activities if compared with the lean group using Student's t test (P Ͻ 0.05 lean vs. obese and P Ͻ 0.05 lean vs. type 2 diabetes). These findings are in line with the study from Christopher et al. (49) who found that alloxan-induced diabetes in dogs caused an increase in basal AMPK␣1 and ␣2 activities and attenuated exercise-stimulated AMPK activity. Certainly, our current findings argue against a suppressive effect of FFA, insulin, or glucose on basal AMPK activity. Differences in basal glycogen or nucleotide content were not observed between groups. Nonetheless, we cannot entirely rule out subtle differences in muscle energetics between groups in view that investigations done in the heart using 31 P magnetic resonance spectroscopy indicate that even minimal changes in free AMP, which are likely not detectable through biochemical tissue analysis using high-pressure liquid chromatography, can affect AMPK activity (29) . Adiponectin stimulates muscle AMPK (50, 51) ; yet, as expected, obese and type 2 diabetic subjects had lower adiponectin plasma concentrations ( Table 1 ). The obese subjects did, however, have higher plasma leptin concentrations, and in type 2 diabetic subjects, both leptin and IL-6 were higher than the lean group (Table 1) . Leptin (52) and 54) stimulate the AMPK axis in muscle from rodents and humans and could have contributed to the apparent elevation in basal AMPK activity in the obese and type 2 diabetes groups.
Moderate-intensity exercise decreased mean plasma glucose levels in the type 2 diabetic subjects by 1.3 mmol/l. It is generally accepted that reductions in glycemia with acute exercise result from increased muscle glucose disposal (rev. in 55). The minimal stimulation of AMPK during moderate-intensity exercise in the type 2 diabetes group (Fig. 3) indicates that significant activation of this enzyme is not essential for acute exercise to reduce plasma glucose levels and, possibly, to enhance muscle glucose disposal. Consistent with this notion, other groups found dissociation between glucose disposal and AMPK activity during low-intensity exercise (42, 56) . Even though we cannot rule out small transient AMPK stimulation (note the increases in ACC phosphorylation), this finding is consistent with the hypothesis that AMPK activation contributes to contraction-stimulated glucose transport, but other redundant pathways function in parallel to increase glucose transport (4, 57, 58) .
Until recently, the pathway downstream of AMPK, which mediates glucose transport, has been largely unknown. AS160 is a novel Rab GTPase-activating protein that contains six putative Akt target sites, and insulin stimulation of adipocytes increases phosphorylation of five of these sites (6) . AS160 plays a key role in insulinmediated GLUT4 translocation both in adipocytes (7, 59) and in L6 myoblasts (8) . In muscle, not only insulin but also contraction (11, 12) and AICAR (12) increase AS160 phosphorylation. Moreover, in a cell-free assay, heterotrimeric AMPK complexes phosphorylate AS160 (10), although the specific sites phosphorylated by AMPK are yet to be defined. These exciting findings suggest that AMPKinduced increases in muscle glucose transport may be mediated through AS160 and that this protein may be a point of convergence linking insulin-and contractionstimulated glucose transport. In the present study, exercise increased AS160 phosphorylation in an intensitydependent manner, and the highest degree of phosphorylation was observed at the later time points. 
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However, it is not possible from these data to determine whether Akt or AMPK had a predominant effect to phosphorylate AS160 because exercise started to stimulate both kinases within 10 min. Furthermore, both exerciseinduced phosphorylation of AMPK and Akt were blunted in the obese and type 2 diabetic subjects; thus, impaired AMPK-and/or Akt-induced phosphorylation of AS160 could have occurred. Recent studies in transgenic and knockout mice indicate that insulin-stimulated AS160 phosphorylation is mediated by Akt, while AICAR exerts its effect on AS160 through AMPK (9, 10) . Interestingly, ablation of AMPK, but not of Akt, activity causes a partial reduction in contraction-stimulated AS160 phosphorylation, suggesting a more predominant role for AMPK. Based on these important animal experiments, we speculate that impaired AMPK activation is responsible, at least in part, for the attenuation in AS160 stimulation observed in the obese and type 2 diabetes groups. As specific AS160 antibodies for all the different phosphorylation sites become available, the basis for the attenuated AS160 phosphorylation observed with the PAS antibody will be better understood. In a previous study, Kennedy et al. (60) found that acute exercise lead to a similar increase in plasma membrane GLUT4 content in muscle from moderately obese (BMI 27 kg/m 2 ) subjects with type 2 diabetes versus lean control subjects (relative to baseline GLUT4 plasma membrane content), although there was a trend for lower absolute postexercise plasma membrane GLUT4 content. In view of our finding of attenuated exercise-induced AS160 phosphorylation in more obese (BMI ϳ30 kg/m 2 ) subjects with type 2 diabetes, it will be important to examine whether these subjects have similar exercisestimulated GLUT4 translocation as lean control subjects and how this relates to muscle glucose disposal and AS160 phosphorylation.
The recent generation of muscle-specific LKB1 knockout mice provided genetic evidence that LKB1 is the major upstream kinase of AMPK in response to contraction (22) . We previously found that insulin-resistant Zucker rats have lower LKB1 muscle protein content compared with lean littermates (14) , associated with abnormal AMPK-PGC-1 regulation. In contrast, we did not observe differences in LKB1 content and activity in the basal and exercise states among lean, obese, and type 2 diabetic subjects. This discrepancy could be related to the differences in experimental models (i.e., species). It was reported that acute exercise leads to increases in total AMPK kinase activity (61) . Thus, the dissociation between LKB1 and AMP kinase activity could also be explained by the activation of one or more AMPKKs, other than LKB1, in response to exercise.
Subjects with type 2 diabetes had reduced PGC-1 gene expression. Importantly, acute exercise increased PGC-1 gene expression, and this effect was similar in the type 2 diabetes, obese, and lean groups, underscoring the importance of exercise to reverse cellular defects. Of note, PGC-1 expression increased normally in the type 2 diabetic subjects during low-intensity exercise (Fig. 7B) , even in the absence of significant AMPK stimulation. Jorgensen et al. (62) previously showed that exercise-induced PGC-1 gene expression in mouse muscle is not altered by ablation of either AMPK␣1 or ␣2. Thus, AMPK likely contributes to exercise-induced increases in PGC-1 expression; nonetheless, in some situations, activation of this kinase may not be necessary to stimulate PGC-1 expression. Importantly, exercise appears to have a dual effect on NRF-1 because it not only increased the gene expression of PGC-1, which stimulates mitochondrial function and biogenesis, in part, by binding to and coactivating the transcription function of NRF-1 (16), but exercise also increased the gene expression of this transcription factor.
In summary, we found that exercise increases AMPK activity and the phosphorylation of ACC and AS160 in an intensity-and time-dependent manner. Obese diabetic and nondiabetic subjects have attenuated stimulation of the AMPK-AS160 axis; thus, they may need to exercise at a higher intensity to stimulate this pathway to the same level as lean subjects. Finally, PGC-1 and NRF-1 gene expression increases normally with exercise in type 2 diabetes, and this effect does not appear to require significant AMPK stimulation. This finding highlights the relevance of exercise to ameliorate molecular defects in type 2 diabetes.
